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Introduction 


This  report  covers  the  period  December  15,  2005  -  December  14,  2006.  Tuberous  sclerosis  is  caused  by 
mutations  in  the  Tscl  or  Tsc2  gene.  Products  of  these  genes  form  a  complex  that  acts  as  a  negative  regulator  of 
Rheb  GTPase.  Rheb  is  an  activator  of  mTOR.  Thus,  one  of  the  major  problems  with  tuberous  sclerosis  is  that 
the  Tsc/Rheb/mTOR  signaling  pathway  is  over-activated.  Our  research  is  focused  on  understanding  how  this 
signaling  pathway  is  regulated  and  what  the  consequences  of  alteration  of  this  signaling  pathway  are.  We  have 
made  progress  in  experiments  outlined  in  the  Statement  of  Work.  In  addition  to  characterizing  Rheb2,  we  have 
characterized  altered  cell  cycle  progression  in  the  Tsonull  MEFs.  We  have  generated  novel  mTOR  mutants, 
important  reagents  to  over-activate  the  Tsc/Rheb/mTOR  signaling. 
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Summary  of  progress 

Tuberous  sclerosis  is  caused  by  the  loss  of  Tscl/Tsc2  complex  that  acts  as  a  negative  regulator  of  Rheb  GTPase 
(Aspuria  and  Tamanoi,  2004).  This  results  in  overactivation  of  the  Rheb/mTOR  signaling  pathway.  Our 
overall  aim  is  to  understand  the  consequences  of  altering  this  signaling  pathway.  During  the  current  funding 
period,  we  have  made  progress  in  this  pursuit  by  carrying  out  the  following  experiments. 

(i)We  have  further  characterized  Rheb2  protein,  (ii)  We  have  elucidated  how  the  overactivation  of  the 
Tsc/Rheb/mTOR  signaling  results  in  altered  cell  cycle  progression,  (iii)  We  have  generated  constitutive  active 
mutant  forms  of  mTOR  that  can  bypass  amino  acid  requirement  for  their  activation.  Effects  of  the  expression 
of  these  mutants  have  been  investigated. 

Detailed  description  of  accomplishments 

1.  To  generate  Rhebl  and  Rheb2  knockout  mice 

We  continued  our  effort  to  generate  knockout  mice.  To  accomplish  this,  we  consulted  with  Dr.  Michele 
Musacchio  at  the  University  of  California  Irvine.  The  targeting  constructs  for  Rhebl  and  Rheb2  were 
electroporated  into  mouse  ES  cells  and  the  cells  with  correct  chromosomal  replacement  were  screened  by 
Southern  hybridization.  After  extensive  screening  of  ES  cells,  we  failed  to  identify  knockout  ES  cells  for  either 
Rhebl  or  Rheb2. 

2.  To  characterize  Rheb2 

Previously,  we  have  been  successful  in  raising  a  polyclonal  antibody  against  Rheb2  (RhebLl).  This  antibody 
detects  mouse  Rheb2  but  not  mouse  Rhebl .  It  does 
not  recognize  human  Rheb2.  We  have  continued  to 
characterize  Rheb2  using  this  antibody.  Mouse  tissue 
samples  (brain,  heart,  kidney,  liver,  testis  and  muscle) 
were  used  to  examine  tissue  expression  of  Rheb2.  Our 
results  (Figure  1)  show  that  Rheb2  is  highly 
expressed  in  the  brain.  While  Rhebl  is  expressed 
ubiquitously,  Rheb2  appears  to  exhibit  tissue  specific 
expression.  Non-ubiquitous  expression  of  human 
Rheb2  was  recently  reported  (Yuan  et  al.,  2005;  Saito 
et  al.,  2005). 

3.  To  investigate  the  mechanism  of  regulation  of  cell  cycle  progression  by  the  TSC/Rheb/mTOR  signaling 
pathway 

The  loss  of  TSC  leads  to  the  activation  of  Rheb/ 
mTOR  signaling  resulting  in  altered  cell  growth. 

We  have  previously  reported  using  Drosophila 
tissue  culture  cells  that  the  TSC/Rheb/mTOR 
signaling  pathway  plays  critical  roles  in  cell  cycle 
progression;  inhibition  of  this  signaling  leads  to 
cell  cycle  arrest  at  the  G1  phase  (Patel  et  al., 

2003).  In  the  course  of  this  grant,  we  found  that 
the  loss  of  TSC  leads  to  altered  cell  growth  in 
mammalian  cells.  This  was  shown  using  MEFs 
derived  from  Tsc-null  mice.  These  cells  do  not 
respond  to  serum  starvation  and  continue  growing 
even  in  the  absence  of  serum.  Furthermore,  they 
are  not  cell  cycle  inhibited  after  reaching  high  density. 
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Fig. 2.  Cdk2  is  constitutively  activated  in  Tsc2-null  MEFs.  Kinase  activity  of 
Cdk2  immunoprecipitated  from  Tsc2-/-  or  the  control  +/+  cells  after  serum 
starvation  (A)  or  after  reaching  high  density  was  examined.  The  lower  panels 
show  that  comparable  amounts  of  Cdk2  were  recovered  in  immuneprecipitates. 


Fig.  1 .  Detection  of  endogenous  Rheb2  in  mouse  tissues.  Rheb2  antibody 
was  used  to  examine  level  of  endogenous  Rheb2  protein  in  various 
mouse  tissues. 
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Cell  cycle  progression  from  G1  to  S  is  regulated  by  the  activity  of  Cdk2.  We  examined  Cdk2  activity  by 
immunoprecipitating  Cdk2  and  assaying  kinase  activity  by  using  histone  HI  as  a  substrate.  This  study  showed 
that  Cdk2  activity  remains  active  even  after  serum  starvation  in  the  Tsc2-mA\  MEFs  (Figure  2A).  Similarly, 
Cdk2  activity  remains  high  after  the  Tsc2-mx\\  MEF  cells  reached  high  confluency  (Figure  2B).  In  contrast,  the 
level  of  Cdk2  is  low  in  the  control  parental  MEFs  after  serum  starvation. 


To  gain  insight  into  which  cell  cycle  protein  is  affected  by  the 
alteration  of  the  TSC/Rheb/mTOR  signaling,  we  examined 
key  proteins  involved  in  cell  cycle  regulation  such  as  cyclins 
and  Cdk  inhibitors.  One  of  the  consistently  observed 
differences  between  the  Tsc2-null  MEF  and  control  MEF 
concerns  nuclear  localization  of  p27.  While  nuclear 
translocation  of  p27  is  observed  after  serum  starvation 
in  the  control  MEF,  p27  was  not  detected  in  the  nuclear 
fraction  in  the  Tsc 2 -null  MEF  (Figure  3).  In  collaboration  with 
Dr.  Cheryl  Walker  (MD  Anderson  Cancer  Center),  it  was 
shown  that  the  nuclear  translocation  of  p27  is  dependent  on  its 
phosphorylation  by  AMPK.  The  AMPK  phosphorylation  sites 
on  p27  have  been  identified. 
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Fig. 3.  Nuclear  translocation  of  p27  Is  blocked 
in  the  Tsc2-null  MEFs.  The  amount  of  p27  in  the 
nuclear  and  cytosolic  fractions  was  examined  by 
Western  analysis.  RhoGDI  and  PARP  are  used 
as  cytosolic  and  nuclear  markers,  respectively. 


3.  To  elucidate  mechanisms  that  result  in  the  activation  of  the  TSC/Rheb/mTOR  signaling  pathway 

Because  tuberous  sclerosis  arises  from  the  activation  of  the  TSC/Rheb/mTOR  signaling,  it  is  important  to 
understand  how  this  signaling  pathway  can  be  activated  and  what  consequences  activation  of  this  signaling 
pathway  have  on  cell  physiology.  Recently,  a  set  of  fission  yeast  Tor2  mutants  that  are  constitutively  active  has 
been  identified.  These  mutants,  each  having  a  single  amino  acid  change,  were  obtained  by  our  study  on  the 
fission  yeast  model  system.  In  fission  yeast,  there  are  two  Tor  proteins,  Tori  and  Tor2.  Tor2  forms  TORC1 
complex  together  with  Mipl,  a  fission  yeast  homologue  of  Raptor.  On  the  other  hand,  Tori  forms  TORC2 
complex  together  with  Ste20,  a  fission  yeast  homologue  of  Rictor.  Tor2  is  essential  for  growth  and  is  activated 
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Fig.4.  TORCl  complex  containing  Raptor 
and  mLST8  responds  to  amino  acids  and 
phosphorylatesS6K  and  4E-BP1,  leading  to 
cell  growth  and  cell  cycle  progression. 


A 

B 

mTOR 

iso 

,  -m-  E2419K 
‘  LI  460 P 

.  X  0. 

I  £  g 

e 

□ 

0)  ■tj  ? 

>  ;  Lii  -j 

3i  120 

CL  £* 

m  o 

—  — -  —  phospho-SB 

§  a. 

*  g  60 

#/ 

/m 

£ 

Qk 

L  Wt 

Qm 

J 

— - AUl-mTOR 

5  10  15  20  25  30 

Time  (min) 

Figure  5.  A:  HEK293  cells  exhibit  low  phospho-S6  level  after  nutrient  starvation. 

In  contrast,  in  cells  transfected  with  constitutive  active  mTOR  mutants  (E2419K 
or  L1460P),  high  level  of  phospho-S6  is  detected.  B:  Kinase  activity  in  vitro  is 
decreased  after  nutrient  starvation  in  cells  transfected  with  the  wild  type  mTOR. 
However,  high  level  activity  is  detected  in  cells  transfected  with  the  constitutive 

active  mTOR  mutants. 

by  Rheb  which  is  also  an  essential  protein.  We  have  devised  screens  to  identify  mutant  forms  of  Tor2  that  can 
bypass  dependency  on  Rheb  for  growth.  In  addition,  another  screen  based  on  the  inhibition  of  mating  was 
carried  out.  Altogether,  twenty  two  different  single  amino  acid  changes  were  identified  that  confer  Rheb 
independent  growth.  Interestingly,  these  mutations  were  clustered  in  two  regions  one  in  the  FAT  domain  and 
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the  other  in  the  kinase  domain.  Most  of  the  mutations  we  identified  occur  on  residues  that  are  conserved  in 
mTOR. 

In  the  study  supported  by  this  grant,  we  have  introduced  representative  mutations  into  mTOR.  A  representative 
mutation  from  each  domain,  the  FAT  domain  and  the  kinase  domain,  was  selected.  These  mutant  mTOR 
proteins  were  expressed  in  HEK293  cells  and  their  effects  on  amino  acid  dependent  growth  were  examined.  As 
shown  in  Figures  4  and  5,  mTOR  activity  is  dependent  on  the  presence  of  amino  acids.  Therefore,  mTOR 
activity  is  low  when  cells  are  amino  acid  starved.  This  is  seen  in  Figure  4  that  investigated  mTOR  activity  after 
nutrient  starvation  by  examining  phosphorylation  of  S6  (A)  or  carrying  out  kinase  activity  of  mTOR 
immuneprecipitates  (B).  While  transfection  of  the  wild  type  mTOR  did  not  rescue  nutrient  starvation, 
significant  level  of  mTOR  activity  was  detected  when  constitutive  active  mTOR  mutants  were  transfected. 
Therefore,  these  mutants  confer  amino  acid  independent  growth. 

Two  types  of  mTOR  complexes  are  present  in  mammalian  cells.  A  complex  termed  mTORCl  contains  mTOR, 
Raptor  and  mLST8  and  is  involved  in  growth  control  mediated  by  the  stimulation  of  protein  synthesis.  Another 
complex  mTORC2  contains  mTOR,  Rictor  and 
mLST8  and  is  responsible  for  the  phosphorylation 
of  Akt.  We  examined  whether  our  mutations  also 
affect  mTORC2  activity.  The  results  obtained 
suggest  that  mTORC2  is  unaffected  by  the 
activating  mutations. 

One  possible  mechanism  for  mTOR  activation  by 
the  activating  mutations  is  that  the  binding  of 
mTOR  associated  proteins  will  be  altered.  To 
examine  this  point,  mTOR  was  immunoprecipitated 
and  the  presence  of  associated  proteins,  Raptor, 

Rictor  and  mLST8  was  examined.  We  find 
comparable  levels  of  associated  proteins  with  the 
constitutively  active  mTOR  compared  with 
the  wild  type  protein  (Figure  6).  Thus,  the  mutations 
do  not  affect  overall  structure  of  the  mTOR  complex. 

Another  important  finding  we  made  is 
exists  as  a  dimer.  This  was 
demonstrated  by  using  two  different 
mTOR  tagged  with  different  tags, 

AU1  and  FLAG  (Figure  7).  These 
mTOR  are  co-expressed.  When 
AU1  mTOR  was  immuno¬ 
precipitated,  we  found  that 
FLAG-mTOR  also  came  down  in 
the  immuneprecipitates,  suggesting 
that  a  dimer  form  of  mTOR  is 
present. 

We  then  constructed  AU1  tagged 
mutant  mTOR  and  co-expressed  it 
with  FLAG  tagged  wild  type  mTOR. 

When  FLAG-tagged  mTOR  was 
immunoprecipitated,  we  observed 

coprecipitation  of  AUl-mTOR.  When  the  activity  of  this  complex  was  examined,  we  found  that  it  was  active 
even  in  the  presence  of  mutant  mTOR.  These  results  shown  in  Figure  7  provide  evidence  that  the  effects  of 


that  these  mutations  exert  dominant  effects.  It  is  known  that  mTOR 
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Fig. 7.  Left:  schematic  representation  of  dimer  forms  of  mTOR. 

Right:  FLAG-mTOR  and  AUl-mTOR  were  co-expressed  in  HEK293 
cells.  The  resulting  mTOR  complex  was  immunoprecipitated  using 
Anti-FLAG  antibody.  Detection  of  AUl-mTOR  in  the  immune¬ 
precipitates  suggests  heterodimer  formation.  Kinase  activity  of  mTOR  is 
constitutively  active  with  the  heterodimers. 
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Fig.  6.  Effects  of  mutations  on  the  binding  of  mTOR  to  Raptor, 

Rictor  and  LST8  (GpL).  AUl-mTOR  expressed  in  HEK293  cells 
were  immunoprecipitated  and  the  presence  of  Raptor,  Rictor  and 
mLST8  was  examined  by  Western. 
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mutations  in  mTOR  can  be  dominant.  This  observation  is  important,  as  homozygous  mutations  could  result  in 
constitutive  activation  of  mTOR.  It  will  be  interesting  to  actually  identify  mTOR  mutations  in  tumor  samples. 
Experiments  are  ongoing  to  test  this  possibility. 

Another  important  observation  we  made  concerns  rapamycin  that  is  evaluated  in  clinics  as  anticancer  drugs.  As 
shown  in  Figure  8,  rapamycin  inhibited  constitutively 
activated  mTOR.  In  this  experiment,  the  wild  type  and 
two  different  mutants  of  mTOR  were  transfected  into 
cells.  The  cells  were  starved  and  then  treated  with 
rapamycin.  Phosphorylation  level  of  S6  was  examined 
to  assess  the  activity  of  mTOR.  The  results  suggest 
that  the  activity  of  the  mutant  mTOR  can  still  be 
inhibited  by  rapamycin. 
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Fig.8.  The  activity  of  mTOR  was  examined  by  the  phosphorylation 
of  a  downstream  protein  S6.  The  wild  type  as  well  as  mutant  activities 
were  inhibited  by  rapamycin. 


Currently  ongoing  projects  and  plans  for  the  next  funding  period 

We  plan  to  continue  our  approach  to  (i)  characterize  Rheb2,  (ii)  investigate  the  mechanism  of  cell  cycle 
progression  by  the  TSC/Rheb/mTOR  signaling,  (iii)  elucidate  mechanism  of  activation  of  mTOR  and  (iv) 
examine  consequences  of  activation  of  mTOR.  One  particular  emphasis  is  to  identify  mTOR  mutations  in 
tumor  samples.  Another  emphasis  is  to  generate  cell  lines  stably  expressing  constitutive  active  mTOR  mutants. 
HEK293  cells  were  transfected  with  a  construct  to  express  mTOR  active  mutants.  Transfectants  were  selected 
by  G418  and  single  clones  were  isolated.  Stable  expression  of  the  mutant  mTOR  was  confirmed.  We  plan  to 
carry  out  a  systematic  analysis  of  the  cells  stably  expressing  mutant  mTOR.  One  of  the  interesting  questions  is 
to  examine  whether  growth  properties  such  as  the  ability  to  grow  on  soft  agar  and  the  ability  to  respond  to 
starvation  are  altered.  In  addition,  morphology  of  the  stable  cell  lines  will  be  examined.  Preliminary  data 
suggest  that  these  clones  rescue  the  decrease  in  cell  size  by  nutrient  starvation.  Further  experiments  will 
elucidate  the  mechanism  by  which  mTOR  regulates  cell  morphology. 


Key  Research  Accomplishments 

(1)  We  examined  tissue  expression  of  Rheb2,  and  we  found  that  the  expression  was  not  ubiquitous.  This  is 
different  from  the  expression  profile  of  Rhebl. 

(2)  We  found  that  the  activation  of  the  TSC/Rheb/mTOR  signaling  leads  to  constitutive  activation  of  Cdk2,  a 
key  cell  cycle  protein  functioning  at  the  Gl/S  phase  boundary.  We  also  found  that  a  Cdk  inhibitor  protein  p27 
is  affected  by  the  activation  of  the  TSC/Rheb/mTOR  signaling  pathway.  Its  translocation  to  the  nucleus  is 
blocked. 

(3)  Novel  mutants  of  mTOR  that  are  constitutive  active  have  been  obtained. 

(4)  We  have  shown  that  the  expression  of  these  mutants  confers  constitutive  activation  of  mTOR  even  in  the 
absence  of  amino  acids. 

(5)  The  activating  mutants  of  mTOR  appears  not  to  affect  mTORC2  activity. 

(6)  The  activating  mutations  do  not  alter  binding  of  mTOR  associated  proteins. 

(7)  The  activating  mTOR  mutations  exert  dominant  effects  over  the  wild  type  protein. 

(8)  The  activated  mTOR  mutants  retain  sensitivity  to  rapamycin. 


Reportable  Outcomes 

Constitutive  active  mutants  of  mTOR  have  been  generated.  These  will  provide  valuable  reagents  for  the  study 
of  the  Tsc/Rheb/mTOR  signaling. 
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Urano,  J.,  Sato,  T.,  Matuso,  T.,  Otsubo,  Y.,  Yamamoto,  M.  and  Tamanoi,  F.  (2007)  Point  mutations  in  TOR 
confer  Rheb-independent  growth  in  fission  yeast  and  nutrient-independent  mTOR  signaling  in  mammalian 
cells.  Proc.  Natl.  Acad.  Sci.  USA  104,  3514-3519. 


Short,  J.D.,  Houston,  K.D.,  Cai,  S.,  Kim,  J.,  Miyamoto,  S.,  Johnson,  C.L.,  Bergeron,  J.M.,  Broaddus,  R.R., 
Shen,  J.,  Bedford,  M.T.,  Liang,  J.T.,  Tamanoi,  J.,  Kwiatkowski,  D.Mills  G.D.  and  Walker,  C.L.  (2007)  Energy 
Sensing  Regulates  p27KIP1  by  AMPK-Mediated  Phosphorylation  and  Cytoplasmic  Sequestration,  Submitted. 


Conclusions 

During  the  current  funding  period,  we  have  accomplished: 

1 .  Further  characterization  of  Rheb2. 

2.  Elucidation  of  the  effects  of  the  activation  of  the  TSC/Rheb/mTOR  signaling  on  cell  cycle 
progression. 

3.  Established  the  significance  of  p27  in  the  cell  cycle  effects  of  the  TSC/Rheb/mTOR  signaling. 

4.  Identified  novel  activating  mutations  of  mTOR. 

5.  The  activating  mutations  confer  amino  acid  independent  activation  of  mTOR. 

6.  The  activating  mutations  exert  dominant  effects. 

7.  The  activated  mutants  retain  rapamycin  sensitivity. 

These  studies  should  provide  important  insights  into  understanding  the  consequences  of  altering  the 
TSC/Rheb/mTOR  signaling. 
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Point  mutations  in  TOR  confer  Rheb-independent 
growth  in  fission  yeast  and  nutrient-independent 
mammalian  TOR  signaling  in  mammalian  cells 

Jun  Urano*..  Tatsuhlro  Sato*.  Tomohlko  Matsuo1*.,  YskoQtsub*1..  Massyukl  Yamninatn+J  and  FujthlkoTarnanol** 

-OEEirvnirK  c  l  M:r:bdr  j,v  hmnob^  ir.J  Mehoikr  &n«1ti,  ,L: rm-z-r,  Osnpr-diiniL-i C nvrir  Onlir,  UeIkuIit  E  Ub-jylraifoni.  Unhuikyi-t 
CilftmJi,  L c 3  Anjihi,  CA  SfrHS:  ■  r, J  D^Kcnnc  cf  ECi-phyiki  and  D^hanbir;.  Ciickm  Schooled  Sclam,  UrJvinltf  sTrityc.  Iilys  1 1 J- HC  1 .  Jipm 

E-Jhid  byTnir  K.V-bk.  Thi  Snip  pi  Dm  ir:k  kurtuM,  La  .':lk.  arrd  rf-f-rivpd  Dacomta:  3T.  3  HI  l!  Kah'aJ  I::  Sgp^DrJbn  27,  CLl  i 


Rhab  bi  unique  mentor  of  Hi*  Ras  lupcmiriJk  GIF  -b  tiding  pro¬ 
bins.  We  asaral  se  otters  prarbudy  han*  shewn  (hit  Ptwb  fc  a 
erttki  c*np*iientof  th*  TOCfTOH  dgn dhj  pathway.  h  nsdonyttsL 
FJ-pst  Is  wiooctad  by  therAbl  pane  Ftiblp  t  esserrUd  ror  grorth  2nd 
dr*c  Hy  Inter  actsvctHi  TorJp.  hthfc  aiUch.w*  reporcMmdrkadon  of 
Ilshglaamh*  acldctengtsln  tte  T*i2  protein  that  on  abtagrowth 
h  the  st-senco*rFtib1p.  Thcc*  mutants  si  sow  hi  bfc  decree  »d  nub  ng 
■aTklcrvy.  liCrosUnefy  the  mu  ta  Ikes  ere  l*c  eced  In  Hie  C-bsrm Inal 
half  of  tte  T*r2  protein iclusbrhg  mahtyvcIHin  tte  FAT  and  kinase 
donulns.We  noted  E»ma  dlllerenceoln  Hi*  effect  of  2  mutation  In  Hie 
FAT  domsln  .J.131Cfl  and  n  the  tdna»  d*nuh  F2221KJ  on  growth 
aid  maUng.  Although  the  T*i2p  mutations  bypass  Hltrl  p's  require¬ 
ment  kr  'Toisd-i.  they  are  humble  *f  s  impressing  Rhblp'f  require¬ 
ment  ror  resistant*  os  stress  and  00.1k  smh*  ad*,  polrrltig  b 
mulUple  Unctions  of  Ftfifclp.  In  mammalian  systems.  we  rl>l  that 
mamnalLan  target  of  ra  pa  my  cb(iriT0fiJ  carrying  an  J*gcAE  muta¬ 
tions  iLUC-OF'  or  E2110KX  although  sendttA  bo  rapamycln.  guhlblfc 
constttuttre  actuation  esen  is  her.  the  celt  are  starred  tf  nutrknts. 
These  mutndonf  do  not  show  Hgifflcantdftorence  h  ttelraTrltty  b 
torm  completes  with  Raptor,  Rktor.  or  mL5T5.  Furtterm*re,  wa 
present  evidence  Shat  mutant  mTCfl  can  complex  ■.sltti  mlkl-type 
niT CF:  and  that  this  tebarodhier  Is  actl  a  In  ncirlant-staried  cels. 

cmicKucUi  KdeaTan  rAT  ifaniti  Lkim  daman  nnkip  TCK1 

Rheb  cenyprises  a  unique  sul-fruiily  of  1  hs  Rat  .sup<r [smite  of 
OTF-t'iinrf  proosinsclui  boacHrcEd  from  ;,rs:i  co  hunnn 
and  play:  rnp'P  ,rr  roiei-  hosll  grojcih  aid  -rH-'.ydo  r^giiaiion 
py  We  and  aheis-  have  shown  rbai  Etheb  is  ah  an  rarer  of 
mins  mil  ian  1  argot  of  rapam^ob  CmTDRJ  aid  a  oomponan  of  ihe 
TSQmTCX.'SbE.iipialiig  pahwary  chu  regulars  pmein  rynihehs 
b  respon:t  to  growth,  energy,  asd  nuiriem  oindiikmi  [1-7|. 
mTDEteiisis  in  iwodizinn  protein  compfixe!:  nTTOF-C  I.  which 
ooiuisis  of  mTQR,  Fjifior,  ami  mJiT-i  and  is  rapanycb-j£h?riiue; 
and  mTOR'IT;  which  con  sins  of  mTQR,  F.kior.  rriUTTi,  and 
mSn]  and  is  rapamydn-irueniimie.  mTOEO  is  bwdi'Bd  r  ihe 
reaubtion  of  crandaibnand  odl  cyd*.  and  mTOF.CJ  is  reponed 
ns  be  rr.olvoi  r  aaboreasiuiianahdmorphologir  iI-Iol  Etheb 
udown-nEgubiedbya  corn  pie  100  ns  bins  nflJC  and  TSC2  gene 
pnsducis  ihn  ni  as  CTFase  actraiing  proteins  for  Etheb  f]-7). 
Mu u  1  ions  of  iTiese  gene:  resile  h  lubereu:  soieroiis  oemplej,  a 
geoeiic  disorder  auociaed  w  iih  ihe  appeanrke  of  haminonias  in 
Thekidneyk  lungs  brail,  ad  skin  |17,  LEI). 

ftifisiiiin  yieasi,  Rheh  is  osooided  bjf  rbe  rAd,'  gene- and  iseuentcil 
for  arcwih.  loss  or  RhbLp  resides  b  small  rounded  cels  arresied 
w  ih  u ,  corteni  of  DNA(LO,  3'l  Lice  manmnJ  bn  cells,  Ethblpis 
down  -reg  id  a  led  by  ih:  TrcIpTs.Jp  con  pi  ex  fit,  2Zj.  Muiaiion:  in 
ihe  ec  genes  resuli  in  a  dela;^Kl  req»nseconhroaen  Jtar'.aibn  is 
well  as  defens  in  amino  acid  upiate  pl-ISJ.  The  fizion  yeas 
cfnimc  enoedes  two  TOE:  proteins,  T.-rLp  and  Tor^p  PC,  271. 
aiJrhou^i  Tcrlp',  I  ice  Ethblp,  is  esseniial  for  growth,  ssri'i  cells  are 
aerie  and  unable  loarrea  nO,b  response  lontrogen  searvaiinn 
120. 27|.TorLp  also  is  inplicaied  b  ihe  neuuLicbn  ofarearespociie 
and  ujxalce  of  some  an  in*  arils  F2b’-a;L  w'e  recerrly  have 


reponed  Lhn  fesicn  veasi  Ethblp  ascoines  with  T.-rJp  (25). 
Dneuciion  between  mammalian  Rheb  aad  mTOEtaJso  has  been 
reponed  |25  Jl). 

Beeaise  ihe  r^uremera  for  RhbLp  fur  .grawih  in  fuskbyeaz 
llcely  reflects  ns  vnal  rde  ri  iheaarutionofT«r2p,we'qoecuLiied 
ihic'acircxrf  muuiions  ■jf  Tor^p  mac  bypass  thu  requirtmem. 
[defiiTioiiionofsudi  nutations,  which  are  licdly  10  be  consihuiive 
arrive,  is  of  uierez  ri  aabbg  riskhi  inm  ihe  medial  am  of 
aakaiionof  ihis  kirns:,  fn  pnm.nl. ir  diis  zudy  may  reveal  novel 
hvolvemem  of ^peoifk  domaJm  ii  the  wivaioncf  TOR  TheTCR 
Liiaser  ae  members  of  ihe  phoqphaidjdiiGisicd  :-kbase  \  YV± 
thase Trebled  famiy  of  t baser  and  tu  'e  pecificdomaiis,  inebd- 
bg  ihe  KEAT  rep: is  and  ihe  FAT,  kbase,  and  FATC  domaiis. 
biMcIsiefneniofcne  ECEAT  >dcmiin  b  protein -proieir  ineraaions, 
dineiiiaiai,  and  membrane  aasoohiicri  has  been  reported  1*. 
U-Mj.Tocaie,  on  I  y  on  e  a  n  ha  1  ed  TOR  muiart  has  been  reponed. 
This  miiar,  fSTOE!^  comainsadehion  oftbe'^epreanr  donaiA" 
which  indudaAME(K(TWffl}amiSSt(S24ej  |daosphcrylaiibn 
dtesai  die  Ciermina!  region  of  mTOE.  (30-43  )l  Incut  zisdy,  we 
oarrieo.  oui  a  svaremaiio  analysis  to  irFiocer  sinale  anino  acid 
changes  thai  ooefer  cctisihmive  acibarion  oi  TOEfprcueiis. 

We  report  the  ideniificaiicc  of  22  differem  sb^e  amino  acid 
changes  thu  confer  ODrutiucrce  acibaicn  of  Tcrlp.  Daerezingly, 
1  hem  ie  a  icts  are  duzered  into  two  regions:  the  FAT  domain  and 
ihe  kinase  domain.  Chasacieruaiicn  of  ihese  muiaiicinr  showed 
ihac  ihey  are  able  to  byposr  the  requir:mem  of  Ethfolp  Jorfisricm 
yeaz  growth  The  use  uf  rhese  mutams  allowed  us  to  observe  ihit 
Ethhlp  also  is  requiedfnr  r«i:tanoe  lorigh  sail,  hid^  lemperamre, 
and  toxic  amino  acid  asabgs  in  fi.s : i n  yeasi.  I  'unhsrmnre.  mTC  IF. 
carrying  analogous  mutations  shbiced  nuirieni-iidqp:nd:m  ar- 
ibhv  arid  were  able  id  form  mTORCl  and  nlTQRCl  In  adlhion, 
a  teierodimet  of  wid-rype  and  mutam  mTOEt  also  dispbyed 
ru  crien- ini:  pen  den  1  aenviy. 

Hsniti 

Hc  itlfl:  iHC'i  *1  Mul  iHcriS  In  Tur2pThat  Can  Bypass  Q-*wth  Haqulre- 
r cutler  Hhhlp  In  Ftelcu  toast Rhblp  imerarts wiihTnr^p,  and 
both  RhbLp  and  Tcrlp  are  essen till  Eor  grnwih  ( LSL  2D,  2d,  17). 
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Flinhcrmors.  loss  ot  TtoeTp  function,  lik:  the  loss  of  EfifaLp. 
results  in  small  rounded  cells  arrested  in  Gt  ftd.  4Sj.  Thus,  t  is 
likely  then  in  fission  yeasi,  EhP]  p  funct  ions  id  activate  Tor2p. 
ThL  findrg  raises  the  possibility  that  activating  mutations  in 
Tor2p  (nr  another  downstream  factory  can  confer  RhbLp- 
indeperdent  growth  t  EIGt.  To  inveaigaic  chis  point,  we  hare 
dewed  a  screen  in  identity  ye-ast  mums  ihm  cod  grow  fa  the 
absence  of  Ritb]p  [supporting  information  (5])  F|g.  6],  A  strain 
iTrjp.LDSji  was  ronaructed  in  which  the  endogenous  rMH  gene 
was  dhrupted  hy  usru  a  JtoirJ-  cassute  and  growth  was  main¬ 
tained  by  using  a  wild-type  ropy  of  HU.'-  oa  a  imj--h:sol 
g  asmid.  This  pl  umb  can  be  lout  by  rountsrseieciing  (aittaf 
with  5-fluaroocmic  acid  (POA).  JL'plOGO  randomly  was-  mu- 
lageniied  by  meihyf-nrtro-niirasaguanidine,  and  muianu  that 
would  grow  on  mcdb  com  aining  TDA  (and  hence  in  the  absence 
■nfirfitij' -J  weit  udaied.  To  determine  whether  ihtMjmuLstbn 
had  occu  ned  in  m2,  we  facially  sequenced  the  entire  kt2  OEtF. 

Approtimately?  k  ](f  cells were  mutageniied  aod  screened, 
ciier  eliminat  ing  dones  that  si  il  maintained  doe  pUi/-  [dssmiC. 
a  single  mutant  si  rain  was  tsdaied  that  was- able  to  grow  fa  the 
absence  of  riibl  - .  Sequence  saalysis  of  the  scrJ  OFJ  iderailied 
a  port  mutation  that  results  b  aqlutanaie  to  lysine  mutation 
at  position  221L IE2  j  sLELt  b  the  (.'-terminal  half  of  the  Tor  Ip 
Linose  domab.  To  rocdirm  that  thu  mutation  could  confer  P.  IG. 
this  mutation  was  reintroduced  into  the  m2  locus  of  JUpLDBD. 
ThL  strain  ( JUpLZbLywasable  tog  row  b  the  absence  of  ritbi'  (on 


FOAj,  confirming  that  thL  mutaticwi  b  the  Tnr^p  kinase  domain 
confers  activity  independent  of  F.hblp  iTlg  lit. 

HG  Hulditr  or  Tcc!p  Edlhll  DiCNiMd  Mating  EITkNncy.  Because 
lass  of  Tor2p  funcnon  cm  bduce  mating  (e4,  4'),  wie  asked 
whsiher  the  T-or;1--'1,1  mutant  'would  eofi bit  decreased  mating. 
The  Tor2s:l: ■*  mutation  was  imrodioed  into  a  homochaiiic  h™ 
.train,  and  maibg  efficiency  was  assessed  by.vainingwith  iodine 
litre  detects  the  ncreased  glycogen  levels  In  qpones.  As  can  be 
seen  b  Fig  L£t,  we  observed  a  notable  decrease  fa  tbe  onem  of 
fadbs  niinbg  in  the  mutant.  Thus,  the  H2221K  mutation 
appears  tn  decrease-  mating  eflidency,  consistent  with  rev  acii- 
vation  cf  Tor2p. 

Addtbnoi  Tot2  mutatbns  0  I .'  LDP,  YIOBSC,  C2ZST,  and 
,L2^:-Hi  were  identified  by  screening  for  decreased  mating 
(decreased  iadbe  siaininc  ■  in  an  h”  arain  after  randomly 
mu'  agonizing  the  nvi-gene.  These  mutxions  were  examined  for 
their 'ability  to  confer  E.fG.  Tig  L,!  shews  that  the  strain 
eipressbg  the  LL.:]>DF  muioni  (JL'p]2T4y  grewafier  remarking 
ill?  fADJ-  |dasmid  by  PQA  seleoian.  ’  Similar  results  were 
obtained  for  the  other  Tor2  mums,  [nteresiin^y,  when  com¬ 
paring  the  LJ  2  LOP  muiam  with  ihe  E2221K  mutant,  we  noticed 
that  the  strafa  expressing  the  1L12 cLK  mutant  has  a  greater 
abilhy  to  suppress  the  KhbLp  requirement  for  growth  (see  FDA 
giates  in  lie.  1. Si,  whereas  the  L  L;  ]0P  mutant  Exhibits  a  more 
pronounced  effect  on  mating  efficiency  (F|g.  LETt.  Thus,  although 
E[G  and  decreased  mating  are  both  consecfiencis  of  a  sbgle 


mt 


dua.  Ml  ij  IdiiKiild  b-rrt,  n Li q  iruiVikn  ai  tidk  K*d  abooi  iha  hi  k 
rapmreiirai  c-H  TiiSp.  dmori  I  and  II  an  tnkealad.  -lH  TIP:  peeaei 
iflEpiarriEi  from  SmUniied'^oinyroj  psnta  ISpT-arl  and  SpT-n:!-,  S.  -min'. 
jU-aEhTorl  md  ScTEri!'.  OacucpLi1i  (dr:t.  ■  Trd h jn ■  n  xriT'Sfl I a  alk^iad 
wtih  MtqAJkpi.  natlduii  idanEkil  -r  isnf  w  id  SpTef i  in  ihsdad  blub  r-r 
■]iaq-,  i^sacltvaly.  UuEBilan  found  In  Sp-Tn-a  m  Irdkalid  abevi  dn  ihroi. 
mil',  tha  FfMtir  dmibi  r-a-] t-:-r,  eI  nTOd  U  hdkmd  by  a  bn  indiriha 
■  bgronmc  Skida  and  dzidilE  aniriili  bvdkKaiha AUEK  and  SESC  phiagdiEr. 
ihai.  ratp  ari r,' al,1. 


orthating  mutation  in  Tor2p,  each  mutation  may  affect  these 
two  atihities-  differently. 

These  Tnr2cniiHni  the  an  hue  mutaniseafiibkdelaytednhnqgeD- 
sarvajinn  respaaie.  Becaise  f  tsion  yeas  cells  respond  to  nitrogen 
sar  vat  ion  by  ameiing  b  G,  os  small  roundedoefU  monauiotrophic 
stabs  ^frying  the  1]3]DP  or  EZ231E  mutsicn  were  nhnqgen- 
aorved  faSSL'meda  (ste  STMiiwvihb'afid  IfeifeoiijL  and  samples 
were  assessed  for  oefi  site  and  DMA.  cement  by  FACS.  The  results 
are  shown  in  Fig.  ]C.  Forward-scster  asulysL  diows  that  bothToC 
mutants  show  a  dday  b  this  charge  in  tel'siie  compareC  wihwilc 
type  (notably  oi  LJ  and  s.3  lh.  By  ]0  h,  tbe  mman:  odls  have 
decreased  in  sxe  simior  cowild-iype  cells  Anofyss  of  celkyde 
profiles  show:  that  the  Tor2  mmanis  are  delayed  in  the  appearance 
of  Gj  nefis  becaise  more  cels  are  b  G2  ai  4  J  h,  whereas  ma|omy 
ofwild-iype  cdlsare  in  G,. 

Mill  aliens  fra  distend  Malily  In  Um  FAT  aid  Nnaso  Domalis  if 
Tw3p.  The  abeme  analysis  identified  singe  amino  acid  diangss 
knated  b  the  FAT  and  It  base  domains,  pointing  to  the-  inpor- 
tance  of  these  two  domains.  To  further  inresigne  the  iignih- 
onoe  of  these  domains  for  Tor2p  activation,  we  screened  fnt 
additicoof  nutations  biheC-terminal  halfofTor^Theregbn 
contain  ba  ekber  the  FaT  or  doe  ETEB,  kinase,  and  FATC 
domains  of  the  Kr2 gene  in  TUplOSD  was  randomly  mutageniied, 
and  J4  additional  mutarws  that  exhibited  F.h  ■  were  identified. 
Sequence  analysis  oT  these  mutants  revealed  17  additbcul  srrgk 
mutations  at  If  positions. 

Fig.  II  .summariies  all  of  the  acthxing  mutations  identified. 
Erterestinaly,  we  found  that  the  mutations  mainly  were  dustered 
in  two  regions;  tbe  X-terminal  side  of  the  FAT  domain  (duster 
H  and  the  ('-terminal  portion  nf  tbe  k  base  domain  (cluster  11). 
liaaddhion,  there  were  a  few  regions,  notably  at  the  C-terminal 
regico  of  the  TAT  domain  and  the  M'-ceinibaJ  region  of  the 
kinase  domain,  where  additional  mutations  were  identified.  Fig. 
IF  shows  secyience  alignments  of  residues  in  which  mutations 
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were  found  in  dusters  I  .and  [[.  As  can  he  seen,  most  of  the 
mutations  occur  on  residues  that  are  perfectly  conserved  among 
TOR  proteins  from  different  orgsvimts. 

.ftM  iltarS*1  Mutanls  Ate  ic-islllvo  to  stress  Gornttkins.  Asaalysis  of 
a  sirabharvbg  a  disruption  of  rdb!  and  carrying  a  ns-Z-anbmed 
(ri>2M;t  mutation  revealed  that,  although  Tor2  muiams  can 
typoss  r.ht  lp  requiremen  for  growth,  they  are  incapable  of 
bypassing  other  Ehblp  functions  Fig.  lid  itowsthat  ther.'Aji 
arains  that  are  viable  because  of  rh:  presence  of  ether  the 
^jLjjsjp  ar  ^  mu[aBn  are  saujeht  [D  highysalt 

aress  (1  M  KCh  and  hig^  tempe-raiure  (37Y7J.  This  sensitivity 
can  be  reversed  by  the  introduction  of  nhfrj  -,  bd baring  that 
Ehbl  p  is  involved  b  responding  to  these  stresses  in  fission  yeaa. 

We  previously  have  shcewn  that  inhibition  or  EhhLp  causis 
hypersenskhities  to  tmic  analogue.!  of  lysine  (thialysiDe)  and 
arebine  i  cnnavaninvi  jr.  401.  In  addition,  loss  of  <y:l  results  in 
resiaances  to  thialysine,  canavastine,  and  ethionine  (the  tuiic 
ajtaba  of  methionmej  (22,  21,  25).  Exambaticn  cf  the  r.'jj j'i 
a:t>-Cj*'  andptibi'  mutontson  these  tux  ic  amho  acid 

analogs  showed  that  these  double  mutants  are-  hypersensitive  tot 
thialysine,  cmivonine,  and  ethionine  iFra.  and  data  not 
diown).  These  sensitivities  are  reversed  by  reproducing rhtV~ 
imo  these  cells.  Thus,  RhbLp  is  required  for  the  resistance  ro 
these  amino  acid  analogs,  avd,  because  these  cells  carry  activated 
Tor2p,  ihi:  resiaanc-e  likely  is  indepnideni  ofTor^p. 
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Aiik-o-:us  Mu1^1l4fi5  r  nTOR  Cotter  Nitrlxfit-tiihponihnl  Activity. 
Because  ihe  mutations  we  identified  occur  m.vv  bv  on  residues 
thi  are  rocuerved  b  highs  eukaryotes,  we  asked  whether  these 
mutations  would  confer  oonshurne  activation  cf  mTOF_  To 
examine  ihis  point,  ^lTORLl4^■^f,  and  niTOE'1^,  mutations 
that  correspond  10  Toi2,J1,,r  and  Tor2E32llc,  respectively,  were 
constructed,  and  ihe  regulation  cf  iheir  aciivkies  by  nutrient 
signals  in  E3ER293  cedi:  was  assessed.  Consixerr  wit  li  previous 
reports  (t  7,  4By,  mTOR  activity  as  detected  by  the  phosphory¬ 
lation  at  5GK,  KO,  or  4EBFL  is  inhibited  'Alien  the  cals  art 
exposed  to  tucriem-siarvaiion  conditions  (Fig.  t  A-Ct.  This 
inhbkion  is  overcome  by  crvt  reap  resting  wild-cype-  Rheb  or  a 
EthebK  Jlr  mmani,  which'  is  analogous  10  the  hyperaaivc  fission 
yeas i  Hbb]^'lSrr  mutant  ibui  we  previmtdy  how  shown  id  be 
highly  bound  toQTP  (Fjg.  U-Cj  (3,  ■L1?).  The  acirvicion  seen 
by  wild-t  ype  Eihsb  is  litedy  attributable  to  EEheb  r  ang  highly 
bound  10QTP  when  transiently  expressed  (30j. 

Vt  then  -examined  the-  raTQE  mutants.  HEI293  cells  were 
transfected  wiih  constructs  ihai  expressed  eiiber  wid-iype  or  ihe 
nvutani  mTOR  OAISIP  or  ElllSKj  nd  ihen  starved  fur 
nutrients.  As  can  be  seen  in  Fig.  t  a,  B,  and  C,  cells  expressing 
mTORJ  1*]r  and  mTOR^'Kexhibit  high  phogdhoryfiion  ct 
Sc  H  dE-EP] ,  and  So  compered  wih  wiid'-cype  mTOR,  indicai- 
ing  that  the  mTOR  muunts  no  brain  aciiviiy  erenwhen  ihe  cells 
ore  sur  ged  for  nui  riems.  I  low  ivcr.  these  mTOR  mui  ini :  retain 
sensiiiviiy  10  rhfciibn  by  rapomycb  i  l-'ig.  C'i  mTOR  activity 


fSOpbouphcrybticn'i  wjs  issessed  in  HEX Ic1]  cells  expressing 
wiiitype  mTOH,  mTuRL^:f,  or  mTOR^'*  snd  treated  witK 
eicbet  DMSO  ( -  i  or  rjpomydn  (-r ).  We  found  that  boih  mTOR 
nwcaniswere  sensiise  to  rjpamycin,  similar  towild-type  mTOR. 

Om5ihuthe  anrution  cf  ihe  mTOR  muuru  aL»  can  be 
•eximined  by  measurbg  jd  n>-:  Linase  scire  iies.  The  scihities  cf 
ihecdvo  mTOROswene  asserted  by  u ling  rwodifTerencduhsiraie 
proteins:  mTOKCL  jciivky  was  assayed  ty  usbg  -IL-EFL  (31. 
SJj,  whereas  mTORC2  was  assayed  by  usbg  Ati  as  a  luhsirate 
protein  (53,  HE  These  cnmpleses  were  immunuprecpiaied 
from  nutrieni-surved  cells  by  using  AUXiogged  wild-type  or 
mutant  mTOR  and  activities  assessed  id  n>-:-  (Tig,  U  \  Anivhy 


AUl  ■  rw ii : d>,.  rr4.STtv.  i:i  dijididbyiivdl'Mpc  imtiiily  l.^irT  and  Pkirr 
win  daivraj  by  T»:lh:  mdboilaj.  IC>  HCUSS  calk  .i  juif.ihariid  wtlh 
rLAC-n-.TCfl  aid  AiJI-mTOd  fat,  EZtlSK,  ■:*  LI4414  wn  jaiun-nanid 
r,'a :tj cdri  afrdvjhjia.ddcT  I  h  n  re  aiTCRdtna-iwiia  binwiMprai^tiidid 
by  iJrr]  andl-rLAC  a r.l tyz-df  widujad  far  Viv^rcklraaa  aiia^i  MdihStfir  I  u 
F-birert  riAC-aiTCO  nvl  AUl  fr.TCf:w«  rfaiwa d  bf  mdl-rLAC  and  mil- 
AUl  ndbodlwi,  rapnlri/.  P h-:i pin a~f  kd c-n  :+  j lEi t ri ■  wu  d a n n a d  by 
uia  cf  a:xaphr^h?-reer  i  n(w  jTMet. 


usbg  Akt  as  the  subsirse  was  Jtil  retained  wih  wild-type  |_ 
mTOR  b  E3EF--V’  cells  eren  under  nutriem-aarsvd  conditions,  a 
and  no  change  b  this  acridity  was  observed  when  using  the  £ 

mutant  mTOR.  On  the  ocher  hand,  w-e  found  that  the  mTOR  jcj 

complex  ccntabing  mTORL':!'':'por  mTOR132111  exhibited  sis-  t 
nificontly  higher  jciiviywithdE-BR]  as  tbe  subsi  rate  relative  to 
wild-type  mTOR.  Thisaaiviy  was  confirmed  ttt  be  anribuuble 
in  mTOR  CT ,  because  an  in  1*0  k  base  assay  usbg  mTOR  Cl 
immunop-neci  pits  ted  whh  mi-Rapcor  antibody  dvoA'ed  sinilar 
results  (5[  Fig.  7i.  These  results  ore  cnnsisten'  wih  our  in  vJvc 
findings. 

rT0flLIJt*  aid  iiTOPP^  Minnls  On  Fetn  mTOflCI  aid  riTORQ 
ConptexAS  and  an  Acttuo  Hi  to  ro  direr  with  tAlld-Typo  mTOfl.  We 
asted  wheiher  there  were  any  olteraiions  in  the  ability  or  the 
mTOR  mutonij  to  form  mTORCL  and  mTOFjd.  By  using  the 
AUL  tag  on  the  expressed  mTOR,  mTOR  cnmpleses  were 
immunoprecipicaied  frem  HEK'SJ  cdls  under  nutrieni- 
aanratinn  cctndiiions,  and  levels  cd  Raptor  (nTTORCLi  Rianr 
(mTORCl),  and  mLSTB  (mTORCL  and  niTaRCJj  were  as¬ 
sessed  (Fig  5JT|.  We  found  that  the  mTOR  mutores  were  able  to 
bbd  similar  amounts  of  ihsese  mTOEtCL  and  mTORCJ  compo¬ 
nents  as  was  wld-iype  mTOR. 

It  ha;  teen  neponed  that  mTOR  dimeriies  v  ia  ns  R-terminal 
HEAT  domains  xp:  that  the  dimeric  mTORCL  is  the  major  lorm 
that  respnndsta  i tl-sj I  b  (50,  3BT|.  Because  our  mutations  are  tact 
located  b  the  HEAT  domaro,  it  is  likely  that  wild-type  and 
muiam  nfTOR  would  fomi  a  heierodkneric  complex.  To  lest 
wbeiber  this  heterodimer  edabks  coonkmive  acrivaiian  cf 


mTOR  funnbrx  we  coexpressed  FLAG-cagged  wid-iype  and 
AUUtagged  wild-type  nr  mutani  mTOR  proteins  b  HEXldv 
cdls.  The  cells  -were  starved  for  nutrient;,  and  the  complexes 
were  isolated  by  immunfQprecjpkxmn  using  mi -FLAG  anti¬ 
body.  We  found  sin  lor  amounts  of  AUL -tagged  wild-type 
mTOR  and  the  AUl-iagged  mutant  mTOR  in  the  immune 
complex,  indicating  thx  mutant  mTOR  was  able  to  form  a 
heterndimer  wkh  wild-type  mTOR  (Fjg..  5Cy  Tunhermore, 
wtven  these  cctmplexes wer e  assayed  for  aetbiry  hy  using  dE-BP] 
as  a  substrate,  we  found  that,  although  the  wild-type.wild-cype 
diners  were  inactive,  ihe  wild-cype.'mucant  heterodiners  exhib¬ 
ited  in  i.Vr  ■  kinase  acthicy  (Tig.  5Cj. 

Disaniitn 

Accumulating  evidence  in  fission  yeast  presides  strong  supp-on. 
fnt  tbe  idea'thai  EtbbLp  is  an  acthatcir  cf  Tnr^x  We  hare 
repnned  that  EtbbLp  aaodojes  with  Tnr^(25).  We  and  orbers 
aJsc<  recently  have  sh-awn  that,  in  fission  yeast,  Tor^p  complexes 
with  Miplprthe  fission  yeast  Etaptorhomolog'i,  likely  forming  a 
Sp'TORiO  (^S.dSjL  Flinherm^re,  Jdrutting  down  T-or^p  result;  in 
^noll  rounded  cells  arrexed  in  Gi,  remblscent  of  inhibiting 
Ethbljj  fad,  15).  In  addition,  inhibition  ofTnr^  b  homcthaliic 
cell;  Edices  mating  and  sexual  de-rdepment  (dH  dSJ.Hbw,  we 
ivow  that,  opposite  to  inhibiting  Tcr-p  (unciivn.  on  activating 
mutation  bTor3p>ain  confer  RIG,  delayed  res  port:  e  to  n  krogen 
.inr-  ativn,  and  decreased  sexual  development. 

This  report  provides  evidence  for  a  large  number  of  xbgie 
amino  acid  choices  that  roofer  eocutiiin  he  act  hacion  ofTor2p. 
Impcnanth'.  rnanyof  these  mutations  ncair  in  residuesthat  are 
highly  conserved  In  TOR  proteins,  and  mTOR  carrying  analo¬ 
gous  mutations  exhibit  nutriem-independetx  mTORCl  acirra- 
tmn.  An  exdtbg  finding  of  our  siudy  is  that  the  activating 
nutations  are  dustered  within  twn  domains  of  TOR;  the  h'- 
lermboJ  re^inn  of  tbe  FAT  domain  fclusier  ])  arad  tbe  C- 
teminal  regt-on  cf  the  kinase  domain  fcluserU).  Enierestin^y, 
thecluxerm  the  kinase  domain  isju:t  adjacent  tv  the  represser 
domain  (2A3D— 3130  of  nfTOR  Fig  3JT);  deletion  of  this  region 
resulis  b  aciivatica  cf  mTOR  (50,  tc;i.  Indeed,  the  analogous 
peuirbn  (SI3]  of  mTORj  for  ode  of  the  act  hied  fission  yeast 
Ter 2  mutartg  L2233H,  is  found  just  inside  this  repressor 
domain.  This  close  proximity  rtf  the  repressor  domain  10  cluster 
□  possibly  bdbices  char  these  mutations  may  acthxe  mTORvia 
s  similar  mectunism.  The  deletion  of  the  repressor  domain 
initially  was  iIi®ue£i  to  on  hate  mTOR,  in  p-artlby-  remnvbg  an 
Aki  pliccphorylaiion  site  (52A4B;  Fig.  2J7t;  httwever,  mutating 
this  sne.whidh  later  wasshawij  to  be  an  SCRpbiospborylacicD  site 
M2,  d]'i,  to  alanine  does  not  significantly  alter  mTOR  aciivhy 
(39y  Funhermore.  mutaibg  the  AHFX  phc^phorylxien  site 
(T2^e;  Fig  -B'i  to  nlan  kve  did  not  alter  mTOR  activity  (59,  ilj. 
These  phosphorylation  sices  also  are  not  conserved  in  fission 
yeast  Tor2p.  Perhaps-  this  reginn  is  brafoed  in  interacting  with 
on  unknown  inhibkcryfactor.  In  addh  ion  tocluser  □,  mucxiens 
were  found  in  the  S'-ceiminal  legion  cf  the  kinase  domain. 
Lrx-er  eating  I  y,  Rheb  i;  repnned  to  interact  with  the  R-cerminal 
half  nf  the  mT  OR  k  rose  do  main  (2II'l  Lc  ispcusible  that  these 
mutations  in  the  kinase  dnmab  mimic  the  effects  of  Rheb 
bbdbg,  which  may  interfere  with  ibis  inhibher y  factor.  FUnher 
experiment  ore  heeded  to  aid  res;  the  consequences  of  these 
mutations. a recen  report,  b budding yeasi  identified mucrai-'iis 
in  the  FRE  chat  eajbbk  increased  associxibn  with  ELOGIp 
(budding  yeast  Raptor  bemdogj  and  increased  activky  in  ^c- 
e*iN  ill  1 11  TORLp  (53J.  Although  the  F7LB  regbn 

was  induded  b  our  mutagenesis  we  did  nm  identify  aay 
xvt  hating  mutation  in  this  reginn. 

The  acthacion  cf  Ter  jp-  results  in  a  delay  b  the  nhtocen- 
xarvaiion  response.  Hcwever,  rhis  response  is  toot  a  complete 
block.  Furthermore,  we  find  chairli-jl  n? r2^  trains  also  are 
able  to  respond  to  nitrogen  starvation  avd  undergo  sexual 


diff  er erxi xinn  (51  Fig.  By  Theobiervat  ion  that  these  iroinsstill 
ore  able  to  responc.  to  nitrogen  starvation  in  the  absence  of 
Rhblp  raises  the  possibility  that  Ter 4-  also  is  regulated  by  an 
Eihb jji-bdependeni  mechonum.  Further  nilysis  nf  pflbji 
acTJ^cdlsoJsn  re  vailed  possible  involvement  of  Rhb]  p  in  sires: 
response.  These  mutants  are  senskive  to  stresses  such  as  Mich  sole 
1 L  M  F-Cl'i  and  hrah  cemp-eratures  (57’Ci.  Although  the  medi¬ 
an  isms  for  these  ptvnciype:  need  fureher  bvestgatian,  it  is  of 
interest  to  note  ihi«wi  mutants  also  exhibit  these  phenotypes. 
Another  phenotype  nf  the-F-'J'j  i  scrJ^1  mui  ants  is  that  they  art 
hypersen:  ihe  to  toxic  amino  acids  analogs  It  is  possible' chat 
these  sensitivities  are  a  result  cf  increased  amino  acid  uptake 
because  we  previously  have  shown  that  decreases  in  Rhblji 
Tunction  lead  to  boreased  uptake  of  argbine  and  hyperserisi- 
tiviiy  tocavavanine  C^d). 

We  have  succeeded  in  identifying  mTOR  mutants  chat  are 
active  independent  of  nutrients.  These  mums  prnvidevaluable 
reagents  to  hitcher  examine  the  biological  consequences  cf 
mTOR  activation.  By  imradudng  these  mutants  in  HEK29G 
cells,  we  have  shojvn  that  they  confer  nutrieni-independ.ent 
mTORCl  sicnoling  Addkinrul  experknems  may  shed  I icfx  onto 
the  rale  of  mTOR  attrvaiiun  in  growth  foirodicing  these 
mutants  in  HEK_’?:'  aswdi  ascuherumrusformedcell  lihesolso 
may  prov’ide  bsight  into  mTOR  activation  in  irarislormxion. 
trrv-esii gating  mTOR  anivatico  b  whole  animals  also  is  of 
impomvee.  These  mutants  can  be  introduced  into  mfoe,  and 
su'±i  animals  -^n  be  studied  funher  for  roles  cf  mTOR.  in 
development  as  well  as  prapensiiy  for  tumors. 

Aaivation  of  the  mTOR  pathway  has  been  knpl  bated  in  a 
nimber  cf  human  diseases  associated  wriih  benign  tumors,  such 
os  hamartomas-  (561.  Our  dem  on  si  ration  chat  mTOR  can  he 
activated  by  single  amho  add  dianges  raises  on  interesting 
possibility  char  mTOR  mutations  may  be  found  in  tumor  uni¬ 
fies.  This  idea  is  supported  funher'  by  nur  finding  that  our 
mutant  triTOR  is  acirve  even  when  in  a  heterodimer  wkh  the 
wild-type  proieb.  Because  ounudy  points-  in  two  hnt  spots  in 
the  TOR  protein,  searches  fnr  mTOR  mutants  may  be  focused 
aa  these  twd  regions.  Ths  results  obtained  fran  these  studies 
doculd  have  sign  ifiem  knplication  for  aur  understanding  of 
hunan  diseases’  arising  Trcm  the  aciivacicn  of  the  TSC.'Etfiefo1 
mTOR  sigaaling  pailrwarv. 

Mabrieh  and  Methods 

ScrMitf  for  RIGs  aid  Activated  To  rip  SiG  scr**\  Theschme  for  the 
REGscreen  is-isowta  in  Fig  ] .  JUplOSD  51  rain  (3  ■:  ](/  odlsj  was 
mucagenixed  wkh  methvl-nicro-niirosoguanidine  ■ i gm  a .  Sc. 
Leu  is.  MOt  and  recovered  in  rida  yeast  mraci  with  .supplements 
(YESj  media  ovvenaighc.  Cells  then  were  pined  onraEdbburgh 
mbimxl  medium  ajpplemenedwichiJHi  be  (23  n^li.leudne 
1225  mjlj.  uradl  (S3  mg'lj,  and  TOA  (]  g,1).  Plates  were 
replica-piaied  once-  to  eliminate  background. 'of  ^JiUKi  colo¬ 
nies,  241  denes  we  re  isolated  md  tested  fnr  absence  ■xfvfLhi' '  by 
colony  FCR  Cne  done  was  isolated  that  bud  lost  the  Hit/' 
ffasin  id. 

Si'rti  cs-xts-vS  ,n«ta  w^SClij-feistiretf  .iiibiy  Random  muta¬ 
tions  were  introduced  into  the  s:t-2  gene  Ixy  PCR  (37;i  linear 
D.iA  fragments  'Lirrybg  mutagen  iied  v-orJ  alleles  were  tr in¬ 
formed  iriioJVJ-u,  a  homo  iriollics  train  bwhich  the  endogenous 
v-:t2  gene  is  disrupted  with  a  kan1  cassette  and  whose  g  rowth  is 
maintained  by  a  multicopy  plasmid  pRERvj.ccir2.  To  obtain 
integrants  of  functional  n>2  alleles,  iriasformants  that  were 
resiaant  to  FDA  (bdbuing  lo»  of  imM '-based  pREE^2-ror2j 
and  JtaH  were  screened  at  2E3"C.  From  a  n.v2  mutant  library 
thus  constructed,  wescreeioed  for  sierilecictaes;  each  strabwas 
grown  to  a  colony  on  55A  place  (see  JJ-UuiCnads  mk?  .fit:.1  i-itr  i 
and  iain-»i  with  iocinevapora  her  incubation  for  4  cays  at  XTC. 
Chstabed  colonies  were  isolated  and  examined  micrbscopically 
fnr  stecilhy. 


wif  I 


S-i'mh  Ifer  rtiXtoa)  FAT  .fktHfr  Additional  FAT  and 

binra  domain  mutai  ions  we re  idem  ified  by  *rreening  I  ibraries 
based  on  pUG&-ior2-CTL  in  which  the  re^icci  ECdainqg  the 
FAT  dmnain  nr  ibc  FF_B,  bina*e,  and  FATC  domain*  were 
randcmiy  muugeeiied  by  using  the  GeneMorph  □  F'.amom 
Mu  las^&ssis  Kit  i  [Strata*  snc,  La  Jolla,  CAj.  Ths  libra  riss  were 
digested  whb  lamHC,  and  ihe  linearized  plasmids  were  inte¬ 
grated  cxo  JUpIMD.  The  resulikrz  inn:  Tor  mam :  bn  Lilly 
were  selected  cti  olaies  containing  'ii-La  r 2 <:> u  ug.  l  i  for  inte¬ 
gral  ian  of  pfismid  and  iben  on  FOA  tor  ihe  R[Q  phenmype 
as  before.  Then,  B.^OO  and  ]  2,000  ini  s grant 5  were  greened 
from  the  FAT  domain  library  and  the  FRE-t  rose -FATC 
domain  Ibrary,  req>Kiively.  In  baib  case*,  17  dooes  were 
tsobred.  The’ regions  ihai  were  muugeniied  were  FCR- 
jmpl ified  from  .genomic  preps  and  sequeoced  to  i identify  the 
muiations. 

Mamnalai  Call  Culture  and  Transit:  dm.  HEE123J  ceils  were 
cultured  in  DMEM  supplememed  wch  LD?fc  FJS  and  penkil- 
lin.'sirepiomyirb  at  J7'C  and  5%  OOt  Tramfecikos  were 
performed  by  uaing  Fnlyfect  (Qiagen,  Valencia,  CA)  accord¬ 
ing  to  the  manufaciu  rer's  ittarunion*.  To  asses*  ibe  aci  rt  by  of 
mTCiR  muiants,  cells  were  j  erum-siarved  in  DMEM  suppls- 
meniedwiih  d.L!*  BSAos'emighiand  iben  cultured  in  FES  for 
]  b.  Foe  rapamyrb  ireatmeni.’cdls  were  1  real ed  wiih  LDP  nM 
rapamycin  for  1  h  after  serum  51  arvaiion.  These  cells  were 
lysed,  and  proteins  were  uialyxed  by  Western  tJ on  ing  analysis. 
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hiruiaprulpllatJHi  snd  *.  HItd  KIism  Assy.  Cells  were  lysed 
whb  buiter  A  |20  mSI  Tris-HCl  J>H  7.3J,  ]3D  mM  ^'jCI,  0.3® 
CHATS,  ]  nil  M^Cli  and  ]  nM  EDTA|.  The  «jf>:rnai:uu 
fr«n  ihe  o:m  riTupjcion  ai  20DD0  x  g  for  ]  S  min  was  ir>:uhst«d 
wiihJiui-AVL  amibody  rcevanee,  BsrLeln',  CA)  jnd  protein 
O-SephanasedrF  beads  ( Am er±mn  Biasciencies,  FhoiLuWjy, 
NJ'i  or  d'C  for  2  b.  [mmunopreoipiraies  were  washed  ihr-c 
limes  with  buffer  A.  For  M  ¥l*o  Lina::  assay,  immunspreoipi- 
laies  were  incubated  in  tinase  buffer  | LOO  mM  Tria-HCl  ipH 
7.3),  SO  mM  MjCli  and  ]  mM  ATF]  conuinirr!  03 
QST-L E-HP]  nr  Aki  fee  3D  minis  JTC.  Samples  were  boiled 
inSDS  sample  tufterjj®  £D£,3®  plyrerd,  02  mM  Tris-HCl 
fpht  3.7)],  and  proiems  -were  analyzed  ty  TV'estem  blotting 
analysis. 

SI.  Addii  ional  inbormxion  regarding  yeas  :tra  media  and 
miDipulaiioos,  cell  ryde  and  she  analysis,  plasmid  coostrucis, 
and  antibodies  and  reagents  is  provided  as  JJ  Mattriais  a.-  J 
A  list  of  si  rains  used  in  ihissiudy  is  provided  in  SI 
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